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Abstract—This project’s goal is to design a SPECT insert for a
clinical MRI system for simultaneous brain SPECT/MR imaging,
with a high-sensitivity collimator and high-resolution detectors.
We have compared eight collimator designs, four multi-pinhole
and four multi-slit slit-slat conﬁgurations. The collimation was de-
signed for a system with 2 rings of 25 cm detectors. We intro-
duce the concept of 1/2-pinhole and 1/2-slit, which are transaxially
shared between two adjacent detectors. Analytical geometric efﬁ-
ciency was calculated for an activity distribution corresponding to
a human brain and a range of intrinsic detector resolutions and
target resolutions at the centre of the FOV. Noise-free data were
simulated with and without depth-of-interaction (DOI) informa-
tion, 0.8 mm and 10mm FWHM, and reconstructed for uni-
form,Defrise, Derenzo, andZubal brain phantoms. Comparing the
multi-pinhole and multi-slit slit-slat collimators, the former gives
better reconstructed uniformity and transaxial resolution, while
the latter gives better axial resolution. Although the -pin-
hole and 2-slit designs give the highest sensitivities, they result in a
sub-optimal utilisation of the detector FOV. The best options are
therefore the -pinhole and the -slit systems, with
sensitivities of and , respectively. Noiseless
brain phantom reconstructions with the multi-pinhole collimator
are slightly superior as compared to slit-slat, in terms of symmetry
and accuracy of the activity distribution, but the same is not true
when noise is included. DOI information reduces artefacts and im-
proves uniformity in geometric phantoms. Further evaluation is
needed with prototype collimators.
Index Terms—Collimator design, multi-modality, pinhole, slit-
slat, SPECT insert, stationary system.
I. INTRODUCTION
A SIMULTANEOUS SPECT/MR system could providecombined functional (SPECT and MRI) and morpholog-
ical information (MRI), correlated in space and time. SPECT
provides the possibility to target different biomarkers using
multiple radionuclides simultaneously, and to label compounds
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Fig. 1. Technical sketch of the mMR installed at the UCLH. The main dimen-
sions of the MR bore and SPECT insert are speciﬁed in cm. [mMR courtesy of
MRI. Tools GmbH].
with either diagnostic or therapeutic radionuclides. Therefore it
has the potential to estimate internal radiation dose, important
for the treatment planning of personalised radionuclide-based
therapies. MRI provides the spatial resolution for accurate lo-
calisation, but also functional information by applying various
MRI pulse-sequences.
Some pre-clinical SPECT/MRI systems have already been
developed [1], [2], although these are not truly integrated.
More recently, studies addressing simultaneous SPECT/MRI
have shown the feasibility of these multi-modality systems for
preclinical use [3]–[5].
The objective of this paper is to design a SPECT insert for
a clinical MRI system in order to perform simultaneous brain
SPECT/MR imaging in humans. Previous work shows prelim-
inary results on resolution and sensitivity and demonstrate that
rotation can be avoided [6]. Each detector unit of the double-
ring insert will consist of an 8 mm-thick CsI:Tl crystal and
SiPM-based readout of size mm, insensitive
to magnetic ﬁelds, with expected intrinsic resolution of 0.8 mm
and a dead space of 5 mm around the edge [7]. Compactness is
needed due to the limited space inside the MR bore, whose in-
ternal diameter is 59 cm. The external diameter of the SPECT
insert must be less than 44.5 cm because it will be positioned
on top of the patient bed and the internal diameter should not
be less than 33 cm to accommodate the patient head and the
MRI receive/transmit coil (Fig. 1). The system has to be sta-
tionary for practical reasons and to minimise interference with
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theMRI system. Stationary multi-pinhole systems have been in-
vestigated previously by several groups [8]–[13].
The main limitations in the development of the collimation
system are the restricted space and the limited angular sam-
pling. Therefore we discuss the collimator design and suggest
possible solutions for these issues with a simultaneous brain
SPECT/MR. This work is part of the INSERT project (http://
www.insert-project.eu/).
II. METHODS
The evaluation of different collimator designs focused on the
trade-off between sensitivity and spatial resolution, the space
constraints due to the MR system, and the limited angular sam-
pling due to the need for a stationary system.
The slit-slat collimator was included in the evaluation due to
its suitability for brain imaging [14]. This collimator provides
two different types of collimation in the transaxial and axial di-
rections. In most applications of slit-slat collimators, there is
magniﬁcation in the transaxial direction deﬁned by the slit. In
our system, the distance between the collimator and the detector
is small so that the SPECT insert can ﬁt inside the MRI system
and the imaging FOV is large in comparison to the detector size.
Hence miniﬁcation will occur in the projections space; however
the system can beneﬁt from the detector’s high intrinsic reso-
lution to compensate for this effect. In order to improve sen-
sitivity, also multi-slit conﬁgurations of the slit-slat collimator
were evaluated, and compared to analogous multi-pinhole col-
limator conﬁgurations.
In order to improve angular sampling with pinhole collima-
tors, the two detector rings were rotated by half the detector-
size. This mismatched conﬁguration of the detector rings dou-
bles the number of views as each detector ring can cover the
entire axial FOV (Fig. 2). For multi-slit slit-slat conﬁgurations
with parallel slats, each ring covers only half of the imaging
FOV, resulting in a small axial gap due to the 5 mm dead area
at the edge of the detectors (Fig. 3) and a smaller axial FOV
compared to multi-pinhole systems: we assume an ellipsoidal
imaging FOV of size cm for the pinhole colli-
mators due to the diverging geometry and a cylindrical FOV
of size cm for the slit-slat collimators. Note that
for multi-pinhole conﬁgurations, the axial gap is not a problem
because the whole FOV is projected onto each detector. Ad-
ditionally we propose the use of half-pinholes or half-slits to
improve angular sampling. These half apertures have only half
the projection area of a complete pinhole/slit and are shared be-
tween adjacent detectors in a ring. Therefore, in practice, the
two halves form a complete pinhole/slit when the detectors are
arranged in a ring conﬁguration.
The use of pinholes and slits for collimation can introduce
parallax errors due to photons incident with an oblique angle
with respect to the crystal. These can be reduced using depth-
of-interaction (DOI) information. For DOI it is assumed that
the crystal’s ﬁrst and second half can be differentiated, ie. two
separate detector-layers, based on the distribution of scintilla-
tion light, reducing the associated detection-position uncertainty
(Fig. 4).
Geometrical optimisation was performed using the inequality
in Eq. (1) to obtain the maximum number of detectors in a
Fig. 2. Angular sampling for matched (left) and mismatched (right) detector
rings. Dashed lines correspond to the number of angular views. NB: Only six
detectors are shown here for clarity.
Fig. 3. Detector’s dead area (shaded area). The dashed lines represent the axial
projection for the single-pinhole (right) and the slit-slat (left) collimators.
Fig. 4. Parallax error (left) and improvement (right) using DOI information.
For the incident photon, the uncertainty in the detection point is represented by
the shaded area. The horizontal dashed line divides the crystal in two halves.
ring that ﬁts between the patient bed and MRI bore.
(1)
where is the height of the detector; is half of the de-
tector width; is the maximum outer diameter of the
SPECT insert in order for it to ﬁt inside the MR bore; and
is half the angle covered by one detector (see Fig. 5).
Solving for , we obtained a maximum of 25 detectors per ring.
Fig. 6 and Fig. 7 show possible conﬁgurations of multi-pin-
hole and multi-slit slit-slat collimators, respectively, for the
SPECT insert, with two rings of 25 detectors each. Fig. 8 and
Fig. 9 show the collimator conﬁgurations that apply the half
pinhole/slit concept: the -pinhole and the -slit
slit-slat, respectively. Because they have half-pinholes or
half-slits, the -pinhole and -slit conﬁgu-
rations can be considered intermediate between the - and
-pinhole and 2- and 3-slit slit-slat collimators, respectively.
One advantage of these conﬁgurations in comparison to the
-pinhole and 2-slit ones is that they make better use of
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Fig. 5. Partial diagram of a detection ring. The outer circumference represents
the MR bore opening and the boxes, the scintillation crystal, the detector and
the cooling system (from inside to outside). and are the heights of
the detector and the cooling system, respectively. Dimensions are given in mm
(ﬁgure not to scale).
Fig. 6. Diagrams of the multi-pinhole collimator conﬁgurations, single (1st
row), (2nd row) and (3rd row) pinholes per detector, for transaxial
and sagittal views. The lines correspond to the projection of the pinholes FOV.
the central part of the detectors. With the -pinhole and the
2-slit slit-slat collimators, the centre of the detectors, which is
the best part, would be used to image the edges of the object
FOV, where there is usually not much activity. In addition, the
slit-slat conﬁgurations have extended slats - extending from the
scintillation crystal to the RF coil. As the resolution is ﬁxed in
both directions, the slat spacing can be increased, improving
sensitivity. When the slat spacing increases, the shielding effect
Fig. 7. Diagrams of the multi-slit slit-slat collimator conﬁgurations, 1 (1st
row), 2 (2nd row) and 3 (3rd row) slits per detector, for transaxial and sagittal
views. The lines correspond to the projection of the slits FOV. The collimator
slats are parallel, hence they correspond to straight projections in the sagittal
view.
Fig. 8. Diagram of the -pinhole collimator. The half-pinholes are
indicated by the arrows. The top row shows transaxial views through the 2-pin-
hole plane (left) and the -pinhole plane (right), the bottom left row,
the top view, and the bottom right, the sagittal view. In the top view, there is a
gap between the projected ﬁelds-of-view of the square pinholes and the detector
edges, corresponding to the dead space.
of the slats decreases, leading to higher sensitivity for the same
acceptance angle.
For all collimator conﬁgurations, the geometric efﬁciency for
a given voxel , pinhole/slit and detector was calculated
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Fig. 9. Diagram of the -slit slit-slat collimator. The half-slits are
highlighted by the arrows. The top row shows a transaxial view, the bottom left,
the top view, and the bottom right, the sagittal view. The shaded areas corre-
spond to the slit or half-slit.
using Eq. (2) [15], [16] for the pinhole and slit-slat collima-
tors, respectively. The parameters are the following: is the
distance to the collimator aperture; is the angle between the
incident ray and the pinhole plane; is the angle between the
incident ray and the aperture slit plane; is the slat spacing;
is the slat thickness; and is the slat length corrected for
septal penetration. The pinhole/slit aperture is calculated ac-
cording to the target resolution with resolution-effective for-
mulae and corrected for septal penetration with sensitivity-ef-
fective formulae [17]–[19], considering a tungsten collimator
( mm at 140.5 keV). Calculations were performed
for an intrinsic resolution of the detector of mm and
different target resolutions mm at the centre
of the FOV, as well as a target resolution of mm and
different intrinsic resolutions mm, for a
double ring of 25 detectors each. Note that for slit-slat conﬁgu-
rations, transaxial and axial resolutions werematched to achieve
the same target resolution in both directions. The efﬁciency was
averaged over an ellipsoidal volume of size cm,
as shown in Eq. (2).
(2)
Noise-free data were simulated with 0.8 mm and 10 mm
and projected using an angular blurring approach [20]. It can
be described as analytical blurring of the line integrals within
a cone of response, based on an angular point spread function,
allowing for the modelling of a range of collimators by simply
changing a weighting function.We used four different phantoms
to evaluate uniformity, axial and transaxial sampling issues, and
Fig. 10. Geometric phantoms: transaxial section of the (a) uniform phantom,
axial section of the (b) Defrise phantom with alternating hot-cold transaxial
6.25mm-thick compartments, and transaxial section of the (c) Derenzo phantom
with 6-11 mm hot rod sources.
TABLE I
RECONSTRUCTION PARAMETERS FOR EACH TYPE OF PHANTOM
a realistic activity distribution: one phantom with a uniform dis-
tribution (Fig. 10(a)); a Defrise phantom with alternating hot
and cold transaxial slices of 6.25 mm thickness (Fig. 10(b)); a
Derenzo phantom with six segments with hot rod-sources of di-
ameters 6, 7, 8, 9, 10, 11 mm (Fig. 10(c)). All phantoms had an
overall ellipsoidal shape with dimensions of cm.
Data were simulated with and without DOI information, cor-
responding to whether the interaction took place in the ﬁrst or
second half of the crystal, so as to investigate how useful this
information could be. Neither attenuation nor scatter was in-
cluded in the simulations. Images were reconstructed using the
ordered subsets expectation maximisation (OSEM) algorithm
[21], based on the same projection algorithm. The reconstruc-
tion parameters for each phantom are shown in Table I and the
speciﬁc collimator parameters in Table II and Table III. The
reason for not including noise was to better illustrate sampling
artefacts.
Simulations were also performed with a Zubal brain phantom
[22] (Fig. 20- top row), corresponding to a 30 min acquisition,
with 5.5M counts for the -pinhole and 8.6M for the
-slit slit-slat collimator. Attenuation was included, but no
DOI information. Images were reconstructed with 400 iterations
of ML-EM. For the noisy simulations, Poisson distributed data
were generated based on the forward-projected mean values and
smoothed post-reconstruction with a 6 mm 3D Gaussian ﬁlter.
III. RESULTS
Fig. 11 and Fig. 12 show the average geometric efﬁciency
for different pinhole and slit-slat conﬁgurations, at different
target resolutions and intrinsic resolutions of the detectors,
respectively. The -pinhole and 2-slit slit-slat conﬁgu-
rations achieve the highest efﬁciency, for the range of target
and intrinsic resolutions shown. Comparing each pinhole con-
ﬁguration with the corresponding slit-slat, the latter achieves
higher efﬁciency. For the -pinhole and 3-slit slit-slat
conﬁgurations, there is no efﬁciency value for an intrinsic
resolution of 1.0 mm and a target resolution of 10 mm because
it is not possible to obtain a real aperture.
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TABLE II





tr and ax refer to the transaxial and axial directions
1 and 2 refer to the detector ring
Fig. 13 and Fig. 14 show the reconstructed images simulated
with and without DOI information for the uniform phantom
with the different multi-pinhole and multi-slit slit-slat colli-
mator conﬁgurations, respectively. These images are averaged
over 50 mm axially for display purposes. They show ring and
streak artefacts, that are improved when including the DOI
information. Ring artefacts near the edges of the phantom are
due to the classic Gibbs-effect, related to resolution recovery
during reconstruction. The results for the single-pinhole and
single-slit slit-slat collimators are not shown due to lack of
sampling information for the reconstruction. They also have
the lowest efﬁciency of all the collimator conﬁgurations and
are therefore excluded from all the phantom simulations.
In order to quantitatively compare the different reconstruc-
tions with the uniform phantom, Fig. 15 shows the coefﬁcient of
TABLE III
PARAMETERS OF THE SLIT-SLAT DESIGNS FOR , mm
Fig. 11. Plot of the average geometric efﬁciency at a ﬁxed intrinsic resolu-
tion mm for different pinhole and slit-slat conﬁgurations and different
target resolutions mm.
Fig. 12. Plot of the average geometric efﬁciency at a ﬁxed target resolution
mm for different pinhole and slit-slat conﬁgurations and different
intrinsic resolutions of the detector mm.
variation (CoV) for each collimator conﬁguration. The inclusion
of the DOI information improves signiﬁcantly the reconstructed
uniformity in the case of the multi-slit slit-slat collimators. With
DOI, the uniformity improves with increasing number of slits
due to improved angular sampling. The deterioration in uni-
formity for the 3-slit collimator without DOI is due to an in-
creased amount of cross-talk, related to the parallax effect. For
the multi-pinhole conﬁgurations, the effect of including the DOI
information is not obvious. The angular sampling is better with
the pinhole collimators due to the angular offset of the two rings,
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Fig. 13. Reconstructed images for the uniform phantom simulated with dif-
ferent conﬁgurations of the pinhole collimator, with (bottom row) and without
(top row) DOI information.
Fig. 14. Reconstructed images for the uniform phantom simulated with dif-
ferent conﬁgurations of the slit-slat collimator, with (bottom row) and without
(top row) DOI information.
Fig. 15. Plot of the coefﬁcient of variation CoV of the uniform phantom for
different pinhole and slit-slat conﬁgurations, including and excluding the DOI
information from the simulation.
which results in better uniformity compared to the slit-slat colli-
mators. An improvement with DOI can be seen for the -pin-
hole collimator for the same reason as above.
Fig. 16 and Fig. 17 show the reconstructed images simulated
with andwithout DOI information for the Defrise phantom, with
different multi-pinhole and multi-slit slit-slat conﬁgurations, re-
spectively. These images are averaged over 6.25 mm transaxi-
ally for display purposes. The contrast between hot and cold
Fig. 16. Reconstructed images for the Defrise phantom simulated with dif-
ferent conﬁgurations of the pinhole collimator, with (bottom row) and without
(top row) DOI information.
Fig. 17. Reconstructed images for the Defrise phantom simulated with dif-
ferent conﬁgurations of the slit-slat collimator, with (bottom row) and without
(top row) DOI information.
compartments is slightly larger for the slit-slat conﬁgurations
when compared to the pinhole ones. With the -pin-
hole collimator, increased blurring is seen at the centre of the
phantom, in between the two rings. However, the inclusion of
the DOI information in the reconstruction appears to reduce this
blurring somewhat.
Fig. 18 and Fig. 19 show the reconstructed images simulated
with and without DOI information for the Derenzo phantom,
with different multi-pinhole and multi-slit slit-slat conﬁgura-
tions, respectively. These are averaged over a section of 50 mm
axially. For all conﬁgurations, 7 mm rods can be distinguished
in the reconstructed images. In general, the pinhole collimators
give better resolution, due to better angular sampling. The im-
ages simulated with DOI information present better resolution.
The reconstructed images for the simulations with the Zubal
phantom are shown in Fig. 20 and Fig. 21, for the noise-free
and noisy simulations, respectively. For the noise-free simu-
lations, the reconstruction for the -pinhole shows
slightly better transaxial and coronal images, specially in terms
of structural deﬁnition and left-right symmetry, due to improved
angular sampling. In the axial direction, the reconstructions with
both collimators are comparable, even though the axial FOV is
smaller for the -slit slit-slat. For the noisy simulations,
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Fig. 18. Reconstructed images for the Derenzo phantom simulated with dif-
ferent conﬁgurations of the pinhole collimator, with (bottom row) and without
(top row) DOI information.
Fig. 19. Reconstructed images for the Derenzo phantom simulated with dif-
ferent conﬁgurations of the slit-slat collimator, with (bottom row) and without
(top row) DOI information.
the -slit slit-slat image shows slightly less variability
due to better statistics. However, it is difﬁcult to draw a deﬁnite
conclusion and more detailed evaluation is needed.
IV. DISCUSSION
Fig. 11 and Fig. 12 show that improved efﬁciency is ob-
tained for collimator conﬁgurations with multiple slits or
pinholes when compared to the single-aperture conﬁgurations.
Meaningful comparison with state-of-the-art SPECT systems
is difﬁcult as these utilise collimators designed to provide a
compromise between sensitivity and resolution, e.g. for the
Mediso Nucline X-Ring-4R 4-head SPECT, with LEHR col-
limators, resolution is better than 7 mm with a sensitivity of
cps/Bq. The proposed SPECT insert design can
achieve similar sensitivity, albeit with a target resolution of
10 mm, but ﬁtting within the MRI bore.
When the target resolution of the system is relaxed from
10 mm to 12 mm FWHM, there is a gain in sensitivity of about
30% (Fig. 11). Furthermore, as the intrinsic resolution of the
detectors improves, so does the efﬁciency due to bigger pin-
hole/slit apertures, for the target resolution of the SPECT insert.
The gain ranges between 10-30%, depending on the collimator
Fig. 20. Reconstructed images for the Zubal brain phantom simulated with the
-slit slit-slat (bottom row) and -pinhole (middle row) col-
limators and excluding DOI information. The top row shows the brain phantom
for comparison.
Fig. 21. Reconstructed images for the Zubal brain phantom simulated with
noise and the -slit slit-slat (bottom row) and -pinhole
(middle row) collimators and excluding DOI information. The top row shows
the brain phantom for comparison.
conﬁguration and values. So we should aim for a lower
intrinsic resolution, if possible, which also compensates for the
miniﬁcation. For all combinations of intrinsic and target reso-
lutions, the slit-slat collimators achieve higher efﬁciency than
the corresponding pinhole conﬁgurations. Note that with the
slit-slat collimators, there is a reduction in sensitivity between
the two detector rings due to the axial gap, but it does not reach
zero.
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Comparing the different multi-pinhole systems and the dif-
ferent multi-slit slit-slat systems, it would seem that the
-pinhole and the 2-slit systems provide the best over-all per-
formance, in terms of sensitivity (Fig. 11), uniformity (Fig. 15)
and resolution (Fig. 16–19). However, there is a disadvantage
with these designs from a practical point of view - the centre of
the detector is used to image the edges of the object FOV and
vice-versa. In practice, the performance of a detector tends to
deteriorate towards the edges, so this is a sub-optimal situation.
Therefore we would choose to avoid these designs and instead
our preferred designs would be the -pinhole and the
-slit slit-slat systems. These have better sensitivity
than the -pinhole and 3-slit designs, respectively, and better
uniformity in the absence of DOI. At this point we are not sure
whether DOI information will be available.
Comparing the multi-pinhole to the multi-slit slit-slat colli-
mators, the former gives better reconstructed uniformity and
transaxial resolution, while the latter gives better axial resolu-
tion and higher sensitivity. The pinhole conﬁgurations have ex-
tended axial FOV but there is a risk of artefacts due to activity
in incomplete sampled areas.
For the brain phantom (Fig. 20), reconstructions with the
-pinhole collimator are slightly superior when com-
pared to the -slit slit-slat, in terms of symmetry and
accuracy of the activity distribution. However, the difference is
reduced in the presence of noise due to the higher sensitivity of
the slit-slat collimator (Fig. 21). For the slit-slat collimator, the
reduced axial FOVmay be a problem for tracers which require a
reference region in the cerebellum, unless it is possible to repo-
sition the patient in relation to the collimator’s FOV.
In our system, the angular sampling is limited by the total
number of detectors: 50 for the pinhole conﬁgurations and 25
for the slit-slat collimators, as each ring covers only half of the
imaging FOV. This results in some degradation of image quality
compared to a rotating system, where 128 projections are usu-
ally acquired over 360 degrees.
Regarding the use of DOI information, reconstructed images
show reduced artefacts and improved uniformity in geometric
phantoms. Future work includes exploration of anatomically-
guided reconstruction algorithms to improve image quality.
V. CONCLUSION
The main goal of this paper was to discuss collimation de-
sign issues for a simultaneous SPECT/MRI brain scanner, using
high-resolution detectors and prioritising sensitivity over spatial
resolution.
Many of the constraints in the development of such collima-
tors have been addressed, mainly the restricted space in theMRI
bore and the angular sampling. Different types of multi-pinhole
and multi-slit slit-slat collimators were designed and compared
in terms of performance. Additionally new concepts of collima-
tion were proposed to improve angular sampling: the half-pin-
hole and half-slit.
The rotation of one ring in regards to the other is a simple
solution for improved angular sampling for the multi-pinhole
systems. The use of DOI information has the potential to im-
prove the reconstructed image quality.
Comparing the multi-pinhole and multi-slit slit-slat colli-
mators, the former gives better reconstructed uniformity and
transaxial resolution, while the latter gives better axial resolu-
tion and sensitivity. Regarding individual conﬁgurations, the
-pinhole and 2-slit slit-slat designs achieved relatively high
sensitivity, but would have the disadvantage of a sub-optimal
utilisation of the detector area. As a result, the -pin-
hole and -slit slit-slat designs are preferable. Further
evaluation is needed with prototype collimators.
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